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(57) ABSTRACT

Disclosed are a reversible fuel cell oxygen electrode in
which IrO, is electrodeposited and formed on a porous
carbon material and platinum is applied thereon to form a
porous platinum layer, a reversible fuel cell including the
same, and a method for preparing the same. According to the
corresponding reversible fuel cell oxygen electrode, as the
loading amounts of IrO, and platinum used in the reversible
fuel cell oxygen electrode can be lowered, it is possible to
exhibit excellent reversible fuel cell performances (excellent
fuel cell performance and water electrolysis performance)
by improving the mass transport of water and oxygen while
being capable of reducing the loading amounts of IrO, and
platinum. Further, it is possible to exhibit a good activity of
a catalyst when the present disclosure is applied to a
reversible fuel cell oxygen electrode and to reduce corrosion
of carbon.
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REVERSIBLE FUEL CELL OXYGEN
ELECTRODE, REVERSIBLI FUEL CELL
INCLUDING THE SAME, AND METHOD
FOR PREPARING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the priority of Korean Patent
Application No. 10-2015-0186796, filed on Dec. 24, 2016,
and all the benefits accruing therefrom under 35 U.S.C.
§ 119, the contents of which in its entirety are herein
incorporated by reference.

BACKGROUND

1. Field

The present specification describes a reversible fuel cell
oxygen electrode, a reversible fuel cell including the same,
and a method for preparing the same.

[Description about Government-Sponsored Research and
Development ]

This research was supervised by the Korea Institute of
Science and Technology, and sponsored by the Ministry of
Science, ICT and Future Planning of Korea. The project
name was “Development of Innovative technology regard-
ing electrolysis of CO, at a low temperature for producing
synthesis gas” (project number: 1711027334). This research
was also supervised by the Korea Institute of Science and
Technology, and sponsored by the Ministry of Trade, Indus-
try and Energy of Korea. The project name was “Develop-
ment of source technology regarding non-platinum catalyst
for reducing the price of fuel cells for automobiles” (project
number: 20133010011320).

2. Description of the Related Art

As a means for replacing an existing system based on
fossil fuels, renewable energy resources such as solar light
or wind power have attracted much attention. The produc-
tion of electric power by these renewable energy sources
greatly depends on the weather or an energy storage system
(ESS) capable of storing an additional electric power, and
the like.

A reversible fuel cell or regenerative fuel cell (hereinatter
referred to as RFC) enables bidirectional conversion
between electricity and hydrogen, and has been considered
as a promising candidate for electrochemical energy storage.
Since an energy capacity of a system based on the RFC may
be increased regardless of electric power, capital costs for
expanding the energy capacity are lower than those of
lithium batteries. Accordingly, the RFC is expected to be
suitable for being applied to large capacity systems.

RFCs are classified into RFCs in which a fuel cell and a
water electrolysis device are integrated (unitized regenera-
tive fuel cells, hereinafter referred to as URFC) and RFCs in
which a fuel cell and a water electrolysis device are sepa-
rated (discrete regenerative fuel cells, hereinafter referred to
as DRFC).

The DRFC can use commercially available fuel cells or
water electrolysis devices, and thus, the technical entry
barrier thereof is low, whereas the URFC has integrated fuel
cells and water electrolysis devices, and thus, the technical
entry barrier thereof is relatively high, but it is considered
that capital costs due to the integration can be decreased.

However, a large loading amount of a noble metal elec-
trochemical catalyst is generally required for the URFC in
the related art, and there is a problem in that the system costs
are increased for this reason. Since the oxygen reduction
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2

reaction [hereinafter referred to as ORR] and the oxygen
evolution reaction [hereinafter referred to as OER] are slow,
an electrochemical catalyst of platinum (Pt) and iridium (Ir)
or iridium oxide (IrO,) has been together with the URFC,
and for example, Pt—Ir alloys or (RuO,—IrO,)/Pt catalysts
have been studied.

Since the content of the noble metal catalyst is high in
these studies, attempts for lowering the content of the noble
metal catalyst have been made. However, the water elec-
trolysis and fuel cell performance of the RFC have been at
an unsatisfactory level, and a high content of the noble metal
catalyst is still required.

REFERENCES OF THE RELATED ART
Non-Patent Documents

Non-Patent Document 1: G. B. Chen, H. M. Zhang, J. B.
Cheng, Y. W. Ma, H. X. Zhong, A novel membrane
electrode assembly for improving the efficiency of the
unitized regenerative fuel cell, Electrochem. Commun.,
10 (2008) 1373-1376.

Non-Patent Document 2: S. D. Song, H. M. Zhang, X. P. Ma,
Z. G. Shao, Y. N. Zhang, B. L. Yi, Bifunctional oxygen
electrode with corrosion-resistive gas diffusion layer for
unitized regenerative fuel cell, Electrochem. Commun., 8
(2006) 399-405.

Non-Patent Document 3: Y. Zhang, C. Wang, N. Wan, 7.
Mao, Deposited RuO2-1rO2/Pt electrocatalyst for the
regenerative fuel cell, Int. J. Hydrogen. Energ., 32 (2007)
400-404.

Non-Patent Document 4: S. Altmann, T. Kaz, K. A.
Friedrich, Bifunctional electrodes for unitised regenera-
tive fuel cells, Electrochimica Acta, 56 (2011) 4287-4293.

Non-Patent Document 5: H. Y. Jung, S. Y. Huang, B. N.
Popov, High-durability titanium bipolar plate modified by
electrochemical deposition of platinum for unitized
regenerative fuel cell (URFC), J. Power Sources, 195
(2010) 1950-1956.

Non-Patent Document 6: X. L.. Zhuo, S. Sui, J. L.. Zhang,
Electrode structure optimization combined with water
feeding modes for Bi-Functional Unitized Regenerative
Fuel Cells, Int. J. Hydrogen. Energ., 38 (2013) 4792-
4797.

Non-Patent Document 7: S. A. Grigoriev, P. Millet, K. A.
Dzhus, H. Middleton, T. O. Saetre, V. N. Fateev, Design
and characterization of bi-functional electrocatalytic lay-
ers for application in PEM unitized regenerative fuel cells,
Int. J. Hydrogen. Energ., 35 (2010) 5070-5076.

Non-Patent Document 8: H. Y. Jung, S. Y. Huang, P.
Ganesan, B. N. Popov, Performance of gold-coated tita-
nium bipolar plates in unitized regenerative fuel cell
operation, J. Power Sources, 194 (2009) 972-975.

Non-Patent Document 9: S. Zhigang, Y. Baolian, H. Ming,
Bifunctional electrodes with a thin catalyst layer for
‘unitized’ proton exchange membrane regenerative fuel
cell, J. Power Sources, 79 (1999) 82-85.

SUMMARY

In an aspect, embodiments of the present disclosure
provide a reversible fuel cell oxygen electrode which may
achieve excellent reversible fuel cell performances (excel-
lent fuel cell performance and water electrolysis perfor-
mance) by improving the mass transport of water and
oxygen while being capable of reducing the content of a
noble metal used in the reversible fuel cell oxygen electrode,
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particularly, a loading amount of IrO, and a content of
platinum, a reversible fuel cell including the same, and a
method for preparing the same.

In another aspect, embodiments of the present disclosure
provide a reversible fuel cell oxygen electrode which may
improve the activity of a catalyst and reduce corrosion of
carbon when being applied to the reversible fuel cell oxygen
electrode, a reversible fuel cell including the same, and a
method for preparing the same.

In still another aspect, embodiments of the present dis-
closure provide a reversible fuel cell oxygen electrode of
which the preparation process is simple and which may
greatly reduce the preparation costs, a reversible fuel cell
including the same, and a method for preparing the same.

Embodiments of the present disclosure provide a revers-
ible fuel cell oxygen electrode in which IrO, is electrode-
posited and formed on a porous carbon material, for
example, a hydrophilic porous carbon material, and plati-
num is applied onto the electrodeposited porous carbon
material to form a porous platinum layer, and a reversible
fuel cell including the same.

Embodiments of the present disclosure also provide a
method for preparing a reversible fuel cell oxygen electrode,
the method including: electrodepositing IrO, on a porous
carbon material, for example, a hydrophilic porous carbon
material; and applying platinum onto the IrO, electrodepos-
ited porous carbon material to form a porous platinum layer.

According to embodiments of the present disclosure, as
the loading amounts of IrO, and platinum, which are used in
a reversible fuel cell oxygen electrode, may be lowered, it is
possible to exhibit excellent reversible fuel cell perfor-
mances (excellent fuel cell performance and water electroly-
sis performance) by improving the mass transport of water
and oxygen while being capable of reducing the amount of
a noble metal used. Further, it is possible to exhibit a good
activity of a catalyst when the present disclosure is applied
to a reversible fuel cell oxygen electrode and to reduce
corrosion of carbon when a carbon material is used. In
addition, the preparation processes are very simple as com-
pared to the processes in the related art, and may greatly
reduce the preparation costs.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1C show SEM images of the Pt/IrO,/CP
electrodes of the Examples of the present disclosure, respec-
tively. FIG. 1D shows a result of the EPMA mapping.

FIG. 2 is a graph showing XRD patterns of the electrodes
(IP0, TP1, IP2, and IP3) prepared in the Example.

FIG. 3 is a graph showing XPS analysis results of the
electrodes (IP0, IP1, and IP2) prepared in the Example.

FIG. 4A is a graph showing the polarization curves of
URFC single cells in fuel cell and water electrolysis modes
in an Example of the present disclosure. FIG. 4B is a graph
showing the reversible cell performance according to the
loading amount of platinum at a typical operation voltage
(FC: 0.6 V, WE: 1.7 V) in the reversible cell of the Example.
FIG. 4C compares the fuel cell performances according to
the loading amount of the electrochemical catalysts of the
reversible fuel cells of the Examples of the present disclo-
sure and the reversible fuel cells according to the prior art
documents in the related art. FIG. 4D is a graph showing the
water electrolysis performances according to the loading
amounts of the catalyst in the electrodes of the Examples.

FIG. 5A is a graph showing the reversible cell perfor-
mance according to the time when the fuel cell mode and the
water electrolysis mode are alternately driven (switching
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mode) in an Example of the present disclosure. FIG. 5B is
a scanning electron microscope (SEM) photograph of the
electrode before the fuel cell mode and the water electrolysis
mode are alternately driven (i.e., switching mode is driven)
for 40 hours in an Example of the present disclosure. FIG.
5C is a scanning electron microscope (SEM) photograph of
the electrode after the fuel cell mode and the water elec-
trolysis are alternately driven (i.e., switching mode is
driven) for 40 hours in an Example of the present disclosure.

FIG. 6A is a result that the oxygen electrode is tested 130
times in a voltage range from 1.35 V to 1.80 V by using a
cyclic voltammetry in an Example of the present disclosure.
FIG. 6B is an SEM photograph of the electrode before the
test is performed 130 times in a voltage range from 135V
to 1.80 V by using a cyclic voltammetry in an Example of
the present disclosure. FIG. 6C is an SEM photograph of the
electrode after the test is performed 130 times in a voltage
range from 1.35 V to 1.80 V by using a cyclic voltammetry
in an Example of the present disclosure.

DETAILED DESCRIPTION

Hereinafter, exemplary embodiments of the present dis-
closure will be described in detail.

The present inventors have confirmed that IrO, is formed
on a porous carbon material, preferably a porous carbon
material having macropores as an oxygen electrode material
of a reversible fuel cell, particularly, a material formed by
electrodeposition is used, platinum is also applied onto the
corresponding IrO, to form a porous platinum layer, and the
loading amount of IrO, is reduced to significantly reduce a
content of iridium being a noble metal used, and it is
possible to achieve excellent reversible cell performances
(excellent fuel cell performance and water electrolysis per-
formance) by improving the mass transport of oxygen and
water.

Thus, in an aspect, embodiments of the present disclosure
provide an oxygen electrode for a reversible fuel cell, in
which IrO, is electrodeposited on a porous carbon material,
and thus, a porous platinum layer is formed.

In an exemplary embodiment, the porous carbon material
may be a hydrophilic porous carbon material.

In a non-limiting example, the porous carbon material
may be a porous carbon material having macropores due to
inter-fiber spaces.

First, when the electrodeposition of IrO, is described in
detail, in the case where IrO, is electrodeposited onto the
above-described porous carbon material, the porous carbon
material has peculiar shape (or morphology) to structure of
electrodeposition, which is differentiated from the case of
using another preparation method for forming IrO, on the
corresponding porous carbon material (for example, a spray
method, a decal method, or the like).

That is, when IrO, is formed on a porous carbon material
by electrodeposition, while IrO, particles (for example,
spherical particles) begin to be formed, the IrO, particles are
produced on the surface of the porous carbon material and
grown in the form of a film, and as a result, the surface of
the porous carbon material is covered (that is, surface-
covered) with an IrO, layer (or may also be expressed as an
IrO, film), and the surface of the porous carbon material has
a form (structure) in which IrO, particles further formed by
the electrodeposition are attached (or deposited) onto the
corresponding IrO, layer.

In an exemplary embodiment, the IrO, layer covers the
surface of the porous carbon material, and it is preferred to
cover the surface such that the porous carbon material is not
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exposed. That is, a preferred oxygen electrode structure is a
carbon exposure-free structure in which the surface of the
porous carbon material is covered with an IrO, layer, and the
carbon material is not exposed. Further, it is preferred that
the IrO, layer has a crack-free structure. That is, a preferred
oxygen electrode structure is a crack-free structure in which
the surface of the porous carbon material is covered with an
1rO, layer, and the IrO, layer does not have any cracks.

Meanwhile, IrO, is electrodeposited as described above,
and then platinum is applied thereon by a method such as
spray to form a porous platinum layer.

When IrO, is electrodeposited as described above, IrO,
may be formed so as to have a surface in the porous carbon
material. For example, when IrO, is electrodeposited onto a
carbon paper composed of fibers, the electrodeposited IrO,/
CP has a curved surface, and as a result, when a platinum
catalyst ink is sprayed thereon and the solvent is evaporated
to dry the carbon paper, for example, a highly porous
platinum layer may be obtained as the shrinkage of a
platinum application layer becomes different like a shape in
which charcoal is split (see FIGS. 1A to 1D to be described
below).

Accordingly, in an exemplary embodiment, a reversible
fuel cell oxygen electrode has a structure in which the
surface of a carbon material is covered with an IrO, layer,
and IrO, particles are attached (or deposited) onto the
corresponding IrO, layer, and a porous platinum layer is
formed on the IrO, layer or IrO, particles.

An electrode structure in which a platinum layer is
applied onto the IrO,-coated porous material (IrO,-coated
CP) may have an open structure having macropores due to
the porous carbon material and micropores due to the porous
platinum layer.

Specifically, the micropores may be, for example, sub-
micrometer-sized pores of less than 1 micrometer, and the
macropores may be pores having a size of several microm-
eters to several hundred micrometers, for example, 1 to 100
micrometers. The open structure is an open structure in
which pores of an electrode may be connected to the
interface of a membrane. Accordingly, reactants and prod-
ucts are easily supplied and discharged, respectively.

In an exemplary embodiment, the macropores may be
derived from pores of a porous carbon material. For
example, the porous carbon material may be a material in
which macropores are formed by inter-fiber spaces, and may
be a material in which the macropores of the porous carbon
material are maintained as the IrO, layer and porous plati-
num layer are formed on individual strands of fiber.

As described above, the macropores have an open struc-
ture in which the macropores are connected to the interface
between an electrochemical catalyst and a membrane, and in
exemplary embodiments of the present disclosure, the mac-
ropores in this open structure are little interrupted by the
platinum layer. Accordingly, mass transport of supplying
oxygen and removing water is smoothly conducted through
the corresponding open structure. Oxygen produced from
the IrO, layer may be easily removed through a porous
platinum layer, and minimally interrupts the OER in the IrO,
layer. As described above, the porous structure in the
Pt/IrO,/CP electrochemical catalyst is a structure which
easily transports materials and is very advantageous for the
resulting high activity.

In a non-limiting example, the IrO, layer has a thickness
of 0.01 to 1 pm, preferably 10 to 210 nm, and more
preferably 70 to 210 nm, and IrO, particles have a size 0of 0.1
to 3 um, preferably 0.25 to 1.2 pm.
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In a non-limiting example, a loading amount of IrO, on
the porous carbon material may be 0.01 to 1.00 mg cm™ or
0.01 to 0.54 mg cm™2.

In a non-limiting example, the porous platinum layer may
have a thickness of 0.5 to 3 micrometers.

In a non-limiting example, a loading amount of platinum
may be 0.01 to 1 mg cm™2, more specifically 0.1 mg cm™>
or more, and for example, 0.3 mg cm™2.

Meanwhile, the carbon material is porous, and thus may
increase the catalytically active surface area, and the carbon
material is also hydrophilic, and thus may be applied to an
electrodeposition process based on an aqueous solution. In
an exemplary embodiment, the porous carbon material is
preferably a carbon paper composed of carbon fibers. The
carbon paper has inter-carbon fiber pores.

In another aspect, exemplary embodiments of the present
disclosure also provide a method for preparing a reversible
fuel cell oxygen electrode, the method including: electrode-
positing IrO, on a porous carbon material, for example, a
hydrophilic porous carbon material; and applying platinum
onto the IrO, electrodeposited porous carbon material to
form a porous platinum layer.

In an exemplary embodiment, when electrodeposition is
performed on the porous carbon material, one or more of a
deposition voltage and a deposition time may be adjusted.

In an exemplary embodiment, the deposition voltage is
preferably 0.6 to 0.9 V. Further, the deposition time is
preferably 1 minute to 30 minutes.

Meanwhile, in another aspect, embodiments of the present
disclosure provide a reversible fuel cell including the oxy-
gen electrode.

Specifically, in an exemplary embodiment, the reversible
fuel cell may include a polymer electrolyte film, a hydrogen
electrode (a commercially available hydrogen electrode may
be used) formed at one side of the film, and the above-
described oxygen electrode formed at the other side of the
film.

In an exemplary embodiment, the reversible fuel cell
exhibits high URFC performance even in a small loading
amount (for example, 0.1 to 0.4 mg cm~>) of an oxygen
electrochemical catalyst, as compared to an electrode in the
related art, such as an electrode having a film structure.

Hereinafter, the present disclosure will be described in
more detail through Examples and experiments, but the
present disclosure is not limited to the content described
below.

Examples

TGPH-090 CP (manufactured by Toray Co., Ltd.) being a
porous carbon material was used as a substrate, and then an
electrodeposition was performed at a deposition voltage of
0.7 V to prepare an IrO,/CP electrode. At the corresponding
electrode, the loading amount of IrO, was 0.1 mg cm 2. The
electrode is represented by IP0.

In order to an oxygen electrode, a platinum electrochemi-
cal ink was prepared by using a platinum black powder
(manufactured by Johnson Matthey Corp.), a 5 wt. % Nafion
dispersion liquid (manufactured by DuPont Co., L.td.), 1,2-
propanol (manufactured by J. T. baker Inc.), and deionized
water, and the ink was sprayed onto IP0 to form a porous
platinum layer on the IP0.

Electrodes were prepared by adjusting the loading amount
of platinum to 0.1 mg cm™> (represented by IP1), 0.2 mg
cm™ (represented by IP2), and 0.3 mg cm™ (represented by
1P3), respectively.
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As a hydrogen electrode, a dispersion liquid in which Pt/C
(46.3 wt. %, TKK) and a Nafion ionomer were mixed with
1,2-propanol/deionized water was sprayed and applied onto
a carbon material having a single layer (10 BC, SGL Ltd.)
to prepare a Pt/C layer (0.4 mg cm™).

The pore structure and composition of the electrode
prepared as described above were each analyzed by SEM
(Inspect F50, manufactured by Field emission Limited) and
electron-probe micro-analysis (EPMA, JXA-8500F, JEOL).
A sample for a cross-section image was obtained by using a
focused ion beam (FIB; Nova 600, FEI). XRD and XPS
analyses were each performed by using Dmax2500/Server
(manufactured by Rigaku Co., Ltd.) and ESCA 2000 (manu-
factured by Thermo Co., Ltd.).

For URFC single cell tests, an oxygen electrode (IP0-1P4)
and a hydrogen electrode were placed at one side of an N212
membrane (manufactured by DuPont Co., Ltd.) to prepare
an MEA, and the corresponding MEA was bonded to a
graphite bipolar plate (manufactured by CNL Energy Co.,
Ltd.) having a serpentine channel to prepare a URFC single
cell. The active surface was 6.25 cm?®. The FC activity was
measured at 80° C. During the measurement, completely
humidified hydrogen (100 mL min~") and oxygen (100 mL
min~') were supplied to a hydrogen electrode and an oxygen
electrode, respectively. A polarization curve of the fuel cell
was obtained by increasing the current density from 0 to 1.2
A cm™2. Meanwhile, for water electrolysis operation, deion-
ized water (15 mL min™') was supplied to the oxygen
electrode of the single cell, and a polarization curve was
obtained over 1.35 to 2.0 V, with a stepwise increase at
intervals of 0.05V (using HCP-803, manufactured by Bio-
logics Inc.).

FIGS. 1A to 1C show SEM images of the Pt/IrO,/CP
electrodes of the Examples of the present disclosure, respec-
tively, and FIG. 1D shows a result of the EPMA mapping.
FIG. 1A is 200x magnification, FIG. 1B is 20,000x magni-
fication, FIG. 1C is 10,000x magnification, and FIG. 1D is
10,000x magnification.

It could be confirmed that the SEM images of the 1P2
electrode had an open structure in which the porous Pt/IrO,/
CP electrochemical catalyst had macropores based on a
porous carbon material substrate (CP) with randomly
crossed carbon fibers (FIG. 1A).

The inter-fiber spaces facilitate the mass transport during
the operation of the fuel cell and the water electrolysis
device. The distance between the corresponding fibers is, for
example, 100 um or less, and is little blocked by a porous
platinum layer.

Meanwhile, a structure in which a porous platinum layer
is applied on an IrO,-coated CP shows that the porous
platinum coating layer has micropores which are sub-mi-
crometer-sized pores (FIG. 1B). Since the structure becomes
a structure in which the platinum layer covers the IrO, layer,
the platinum layer should be a porous layer, such that the
reaction of IrO, is not interrupted.

The cross-section images of individual fibers show that
the porous Pt layer-applied IrO,/CP has a several microm-
eter level thickness. The result of EPMA mapping in the
same region shows that a thin IrO, layer is formed on a
carbon fiber.

Meanwhile, FIG. 2 is a graph showing XRD patterns of
the electrodes (IP0, IP1, IP2, and IP3) prepared in the
Example.

As can be known from FIG. 2, the XRD pattern of 1P0
shows diffraction peaks at 26.5°, 42.4°, and 54.7°, showing
that the diffraction peaks correspond to (002), (100), and
(004) surfaces of graphite, respectively. The absence of the
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8
diffraction peak of IrO, shows that the electrodeposited IrO,
layer is amorphous. The XRD patterns of 1P1, IP2, and IP3
show additional peaks at 39.8°, 46.2° and 67.7°, and the
additional peaks correspond to (111), (200), and (220)
surface of platinum, respectively.

FIG. 3 is a graph showing XPS analysis results of the
electrodes (IP0, IP1, and IP2) prepared in the Example.

The XPS analysis results show that as the loading amount
of platinum is increased, the Ir 4f peak strength is signifi-
cantly decreased, whereas the Pt 4f peak strength is
increased. Considering that the photoelectric penetration
depth is approximately several nanometer, the increased Pt
41 and decreased Ir 4f peak strengths show that the porous
Pt layer is uniformly applied on the surface of IrO,/CP. In
addition, the Pt 4f,, binding energy at 71.4 eV shows a
metallic platinum surface. The oxidation state of IrO, is little
affected by a platinum layer, and the fact can be confirmed
from the fact that the Ir 4f,,, binding energy (62.5 eV) is
little changed.

FIG. 4A is a graph showing the polarization curves of fuel
cells and an URFC single cell in a water electrolysis mode.
The IP0 having an IRO, of 0.1 mg cm™> exhibits high water
electrolysis performance, but the fuel cell performance at the
oxygen electrode is very low. As the loading amount of
platinum was gradually increased to 0.3 mg cm~> (IP1->
1P3), the fuel cell performance was also enhanced. Specifi-
cally, the ORR performance was approximately 100 times
higher than a case where iridium oxide was used alone. As
the loading amount of platinum is increased, the water
electrolysis performance was not greatly changed, and a
high water electrolysis activity was maintained. In the
Pt/IrO,/CP electrolysis catalysts (IP1, IP2, and IP3), this
shows that the porous platinum layer is actively involved in
the ORR in the fuel cell mode, and that the IrO, layer at the
lower portion of the platinum layer is well operated as an
OER electrochemical catalyst without a significant interrup-
tion of the platinum layer in the water electrolysis mode.

FIG. 4B is a graph showing the reversible cell perfor-
mance according to the loading amount of platinum at a
typical operation voltage (FC: 0.6 V, WE: 1.7 V) in the
reversible cell of the Example. In the case of the fuel cell
mode, the current density is linearly increased according to
the loading amount of platinum, showing that the spray-
applied platinum electrochemical catalyst is effectively used
until 0.3 mg cm™. In the water electrolysis mode, it was
shown that the platinum current density is gradually
increased while the loading amount of platinum was
increased to 0.2 mg cm™2. This shows that the platinum
electrochemical catalyst provides an additional OER active
site. However, the current density decreased during the
water oxidation shows that a relatively thick platinum elec-
trochemical catalyst layer rather interrupts the water trans-
port from the IRO, layer to the OER active site.

FIG. 4C compares the fuel cell performances according to
the loading amount of the electrochemical catalysts of the
reversible fuel cells of the Examples of the present disclo-
sure and the reversible fuel cells according to the prior art
documents in the related art.

The documents in the related art show that a current
density of 0.7 A cm™ or less is obtained even at a high
loading amount of the electrochemical catalyst of 1.5 to 4.0
mg cm™2.

The following table summarizes the catalysts used, load-
ing amounts, performances, and the like.



US 10,601,052 B2

9
TABLE 1
Water
Fuel electro-
cell lysis
perfor- perfor-
Loading amount mg cm~ mance mance
Ir or @06V @17V
Catalyst used Total Pt IrO, Acm? Acm™
Non- Pt + IrO2 3 2.1 0.9 0.72 1
limiting
Patent
Paper 1
Non- Pt+ Ir 0.32 0.24 0.08 0.25 0.7
limiting
Patent
Paper 2
0.48 0.36 0.12 0.375 1.28
0.8 0.6 0.2 0.41 1.28
0.96 0.72 0.24 0.49 1.28
Non- Pt + IrO2 3 1.5 1.5 0.76 1.46
limiting
Patent
Paper 3
Non- Pt+ Ir 1.5 0.75 0.75 0.72 0.98
limiting
Patent
Paper 4
Non- RuO,- 2 1 1(RuO,- 0.81 1
limiting IrO,/Pt IrO,)
Patent
Paper 5
Non- Pt+ Ir 4 2.8 1.2 0.82 1.23
limiting
Patent
Paper 6
Non- Pt + IrO, 1.81 0.93 0.78 0.7 0.9
limiting
Patent
Paper 7
Non- Pt + IrO, 0.4 0.2 0.2 0.5 0.35
limiting
Patent
Paper 8
Non- Pt+ Ir 4 34 0.6 0.6 0.08
limiting
Patent
Paper 9

The case where the loading amount is decreased shows
that the performance is gradually decreased at less than 0.5
A cm™. On the contrary, in the case of the reversible fuel
cells having the porous Pt/IrO,/CP electrode of the
Examples, the fuel cell polarization characteristics were
better. In particular, IP2 and IP3 showed a current density of
0.63 and 0.89 A cm™, respectively even in the case of a
loading of the electrochemical catalyst of less than 1 mg
cm™2. In this regard, according to those reported in the
documents in the related art, the current densities at a similar
loading amount were 0.50 A cm™> (0.40 mg cm™2) and 0.38
A cm™ (0.48 mg cm™2). As described above, the high
performance of the porous Pt/IrO,/CP electrode at a low
loading amount of the electrochemical catalyst suggests that
an effective mass transport according to structural charac-
teristics of the corresponding electrode enables the use of a
more effective electrochemical catalyst.

In exemplary embodiments of the present disclosure,
since the electrochemical catalyst is mostly attached (depos-
ited) to the surface of the upper layer of the porous carbon
material, an open structure having high open characteristics
with large inter-fiber spaces (highly open structure with
large inter-fiber spaces) may be obtained at a Pt/IrO,/CP
electrode. Further, since the supply of oxygen and removal
of water during the ORR occur through macropores con-
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nected to the interface between the electrochemical catalyst
and the membrane, it is thought that reactions easily occur
without a limitation of mass transport. This result is in
contrast to the fact that in the case of the electrodes in the
related art, the transport of oxygen and water occur through
small tortuous pores formed among electrochemical par-
ticles in the electrode layer Furthermore, the porous plati-
num structures in the Pt/IrO,/CP electrochemical catalysts
of the Examples are a structure which easily transports
materials and is very advantageous for the resulting high
activity.

FIG. 4D is a graph showing the water electrolysis per-
formances according to the loading amounts of the catalyst
in the electrodes in the Examples.

From FIG. 4D, it can be known that the water electrolysis
(1.5 A cm™ at 1.7 V) of the URFC single cell at the
Pt/IrO,/CP electrode is higher than the loading amount of
the electrochemical catalyst in the related art. The high water
electrolysis performance described above can be explained
by an effective mass transport due to the porous platinum
layer and a high activity due to the IrO, coating layer. Since
the thickness of the porous platinum layer is small, for
example, 0.5 to 3 um, and micropores due to the porous
platinum layer are directly connected to macropores (for
example, a pore size of 1 to 100 um) by inter-fiber spaces,
it is shown that oxygen produced from the IrO, layer may be
easily removed through the porous platinum layer, and little
interrupts the OER at the lower IrO, layer. From the fuel cell
performance and the water electrolysis performance, a round
trip efficiency (hereinafter referred to e5,) which is a charge/
discharge efficiency may be defined as a ratio of a cell
voltage in the fuel cell mode to a cell voltage in the water
electrolysis mode at a given current density, and the round
trip efficiency may be a measure of the energy conversion
efficiency of a reversible fuel cell. The fact that as the
loading amount of platinum is increased (IP0: 0—=IP3: 0.46),
exy 18 significantly enhanced is because the higher the
loading amount of platinum is, the higher the fuel cell
efficiency is. The €4, of IP2 and IP3 is 0.42 and 0.46 (0.5 A
cm™?), respectively, which are a level comparable to the
large loading amount (1.5 to 4 mg cm™) of an oxygen
electrode in the related art. For reference, documents in the
related art report that the ez, is reduced to less than 0.38,
which is a very low value when the loading amount of the
electrochemical catalyst is less than 1 mg cm™2.

As described above, it could be confirmed that a high
performance was obtained by using the porous Pt/IrO,/CP
electrode in the reversible fuel cell even at a reduced loading
amount (0.1 to 0.4 mg cm™) of the oxygen electrode
electrochemical catalyst. In particular, the IP3 (loading
amount 0.4 mg cm™>) exhibited a very high performance in
terms of both fuel cell performance and water electrolysis
performance. Further, as the loading amount of platinum
was increased to 0.3 mg cm™>, the water electrolysis per-
formance was little affected while the fuel cell performance
was increased, and accordingly, a high €., (0.46 in the case
of the IP3) was exhibited. The high performance as
described above is because the mass transport effectively
occurs according to the open structure of the Pt/IrO,/CP
electrode.

FIG. 5A is a graph showing a change in performance
according to the time when the reversible fuel cell is
alternately driven (switching mode) in the fuel cell mode
and the water electrolysis mode at a current density of 0.3
Alem?®.

From FIG. 5A, it can be known that while the fuel cell
mode and the water electrolysis mode are driven each 10
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times for 2 hours, that is, for total 40 hours, the performance
of the reversible fuel cell is constantly maintained. It can be
seen that the durability of a reversible fuel cell using an
electrode developed therefrom is excellent. As previously
described, it can be seen that the surface of the porous
carbon material, which is a preferred structure capable of
preventing a carbon material from being corroded, is cov-
ered with an IrO, layer, and the IrO, layer is formed through
a crack-free structure.

FIGS. 5B and 5C are SEM photographs of the electrode
before (FIG. 5B) and after (FIG. 5C) the reversible fuel cell
is alternately driven in the fuel cell mode and the water
electrolysis mode at a current density of 0.3 A/cm?, respec-
tively.

From FIGS. 5B and 5C, it can be known that even after
the driving for 40 hours, the structure of the prepared
electrode is maintained equally to the initial structure. From
the observation, it can be seen that the high durability of the
reversible fuel cell shown in FIG. 5A results from a stable
electrode structure.

FIG. 6A is a result obtained by performing a cyclic
voltammetry experiment 130 times in a voltage range from
1.35Vto 1.80 V at an oxygen electrode of the reversible fuel
cell.

From FIG. 6A, it can be seen that while the cyclic
voltammetry experiment is performed 130 times, a signifi-
cant difference in cyclic voltammogram is not observed.
Under the driving conditions of the water electrolysis mode
of the reversible fuel cell, there may be concern in that the
reversible fuel cell is degraded by corrosion of the electrode
material due to a high electrode voltage, but from the fact
that a significant difference is not observed in the cyclic
voltammetry experiment performed 130 times, it can be seen
that a developed electrode is not degraded by corrosion of
the electrode material, and it can be expected that an
electrode developed therefrom will have high durability
even during the driving of the reversible fuel cell for a long
period of time.

FIGS. 6B and 6C are SEM photographs of the electrode
before (FIG. 6B) and after (FIG. 6C) the cyclic voltammetry
experiment is performed 130 times in a voltage range from
1.35Vto 1.80 V at an oxygen electrode of the reversible fuel
cell, respectively

From FIGS. 6B and 6C, it can be seen that even after the
cyclic voltammetry experiment is performed 130 times, the
initial structure of the electrode is maintained without any
significant difference. From the fact, it can be known that the
developed electrode is not corroded even though being
repeatedly exposed to high voltage, and from the fact, it can
be seen that excellent durability as shown in FIG. 6A is
exhibited.

Non-limiting and exemplary Examples of the present
disclosure have been explained as described above, but the
technical spirit of the present disclosure is not limited by the
accompanying drawings or the aforementioned explanation.
It is obvious to a person with ordinary skill in the art that
various modifications are possible within the scope not
departing from the technical spirit of the present disclosure,
and it can be said that the modification also fall within the
claims of the present disclosure.

What is claimed is:

1. A reversible fuel cell oxygen electrode comprising:

a porous carbon material;

IrO, formed on a surface of the porous carbon material;
and

platinum formed on the IrO,,
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wherein the IrO, formed on the surface of the porous
carbon comprises an IrO, layer or an IrO, layer having
IrO, particles attached,

the platinum comprises a porous platinum layer formed
on the IrO, layer of the IrO, layer having the IrO,
particles attached, and

the electrode has macropores due to the porous carbon

material and micropores due to the porous platinum
layer.

2. The reversible fuel cell oxygen electrode according to
claim 1, wherein the porous carbon material is a hydrophilic
porous carbon material.

3. The reversible fuel cell oxygen electrode according to
claim 1, wherein the porous carbon material has macropores
due to inter-carbon fiber spaces,

carbon fiber strands on the surface of the porous carbon

material are covered with the IrO, layer or the IrO,
layer having the IrO, particles attached, and

the porous platinum layer is formed on the IrO, layer or

the IrO, layer having the IrO, particles attached.

4. The reversible fuel cell oxygen electrode according to
claim 3, wherein the porous carbon material is a carbon
paper.

5. The reversible fuel cell oxygen electrode according to
claim 1, wherein the IrO, layer has a carbon exposure-free
structure in which the porous carbon material is not exposed.

6. The reversible fuel cell oxygen electrode according to
claim 1, wherein the IrO, layer has a crack-free structure.

7. The reversible fuel cell oxygen electrode according to
claim 1, wherein the electrode has a structure in which the
micropores are connected to the macropores, and the mac-
ropores are connected to an interface of a membrane.

8. The reversible fuel cell oxygen electrode according to
claim 1, wherein the IrO, layer has a thickness of 0.01 to 1
um, and the IrO, particles, if present, have a size of 0.1 to
3 pm.

9. The reversible fuel cell oxygen electrode according to
claim 1, wherein the IrO, is disposed on the surface of the
porous carbon material in a range of 0.01 to 1.00 mg cm™>.

10. The reversible fuel cell oxygen electrode according to
claim 1, wherein the porous platinum layer has a thickness
of 0.5 to 3 um.

11. The reversible fuel cell oxygen electrode according to
claim 1, wherein the platinum is disposed on the IrO, in a
range of 0.01 to 1 mg cm™2.

12. A reversible fuel cell comprising the oxygen electrode
according to claim 1.

13. A method for preparing the reversible fuel cell oxygen
electrode according to claim 1, the method comprising:

electrodepositing the IrO, on the surface of the porous

carbon material; and

applying the platinum onto the IrO,-electrodeposited

porous carbon material to form the porous platinum
layer.

14. The method according to 13, wherein when electrode-
position is performed on the porous carbon material, one or
more of a deposition voltage and a deposition time are such
that the deposition voltage is 0.6 to 0.8 V, and the deposition
time is 3 to 30 minutes.

15. The method according to 13, wherein the applying
comprises spraying the platinum onto the IrO, electrode-
posited porous carbon material.

16. A reversible fuel cell oxygen electrode comprising:

a macro-porous structure comprising a carbon material

that forms pores in the macro-porous structure in a
range of 1 to 100 micrometers;
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IrO, covering the carbon material such that the pores in
the macro-porous structure are substantially in a range
of 1 to 100 micrometers; and

a micro-porous structure comprising platinum that covers
a surface of the IrO, opposite the carbon material.

17. The reversible fuel cell oxygen electrode of claim 16,

wherein the IrO, covers the carbon material such that the
entire surface of the macro-porous structure is covered by
the IrO,.

18. The reversible fuel cell oxygen electrode of claim 16,

wherein the IrO, comprises IrO, particles on a IrO, layer.

19. The reversible fuel cell oxygen electrode of claim 18,

wherein the micro-porous structure covers the IrO, particles
and the IrO, layer.

10

15

14



